I. INTRODUCTION
Practical SEPIC converters are usually built with coupled inductors (Ls and Lp, Fig. 1 ) to lower production costs and to steer away the input current ripple [l] . Yet, the SEPIC dynamic behavior is still poorly understood and the single simulation model proposed hitherto for this topology is valid only for the uncoupled inductors situation [2] . The SEPIC with coupled inductors case appears t o1 represent a still open simulation issue. It involves two coupled inductors acting as a transformer, in the sense that current flows on both sides at the same time, while both sides are loaded by capacitors (Cfi, Cs and Cp, Fig. 1 ). The same modeling problem appears in other topologies with coupled inductors (e.g. C'uk converter). A general modeling solution, suitable for coupled inductors converters, is proposed in this paper.
The average modeling methodology [3, 41 used here hinges on the observation that by continuously applying the running average voltage (for a window of one switching period) across an inductor, the inductor will produce a running averaged current. The same reasoning applies to switched capacitors. Namely, by injecting the running average current into a capacitor, the capacitor will be charged to the running averaged voltage. This observation is based on the assumption that the switching frequency is much higher than the power stage bandwidth. Therefore, the average voltages across the capacitors and average currents through the inductors do not change appreciably during one switching period. Namely, the voltages and currents that will be produced by the average model of the proposed methodology are the ripple-less values, as if we have operated the switch at infinite frequency but with the same duty cycle values.
-- where I L~, IL, and IL are per the notations of Fig. 3 . P Takmg the derivative of both sides implies:
Assuming constant voltages over one switching cycle and substituting the current derivatives by the voltage to inductance ratio for each inductor, we obtain (see notations in Notice that the voltage Vm is an algebraic function of the voltages VL, and VL This implies that it also does not change significantly within the 'on' or the 'off time intervals.
Based on equation (6), all the average voltages of the SEPIC switched inductors can be evaluated and used to generate the inductors average currents (Il,, Ilp). The inductors currents will be used to derive the averaged current of the capacitor C,. Thus, a complete behavioral average model for the SEPIC converter can be developed, similar to the method described earlier [5] .
The coupling coefficients k l and k2 are defined as the ratios between the mutual inductance L , to the primary and secondary inductances L, and Lp respectively, namely: The expressions for the dependent sources are as follows:
were the mutual inductance L, is:
and k is defined as:
In the coupled inductors SEPIC we: identify two switched inductors (Lsp and Lpp, Figs. 2,3 ) and lone switched capacitor (Cs , Figs. 2,3) . Note that, the mutual inductance is functioning only as a parameter in the average model (eq. 6). 
where:
All voltages are node voltages reefer to 'ground' (Fig. 4) . The voltage dependent sources Emon and Emoff (eq. 17, 18) generate the voltage Vm (eq. 6) of the 'on' and 'off time intervals respectively.
The resulting voltages (V(mon) and V(moff)) are incorporated in the expressions for Elsp and Elpp (eq. 13, 14) . The average currents produced by the inductors (Ilsp, Ilpp) are used in the dependent current sources Gcs and Gb (eq. 1516).
The dependent voltage source Edoff generates a time dependent voltage which is an analog to the 'off time ratio (Doff, eq. 21), assuming Continuous Conduction Mode (CCM). The independent voltage source Vdon (Fig. 4) emulates the duty cycle (Don) for open loop simulations. This source can be replaced by a dependent voltage source along with the corresponding control circuitry for closed loop simulations.
MODEL VERIFICATION
The average model was verified against a complete time domain simulation of the switched SEPIC converter. The parameters of the converter were as follows (see Fig. 1 Fig. 4) . The proposed average model can be used for both coupled and uncoupled cases without any modification. By setting the coupling coefficients parameters to zero, one gets an uncoupled SEPIC topology. In this case the inductances values of Lsp and hp (Fig. 4) would be equal to those of Ls and respectively. Fig. 6 presents the differences in the frequency response of the coupled and uncoupled cases. It seems that the resonance effects in the coupled inductors dynamics were partly removed and shifted to higher frequencies. The uncoupled SEPIC frequency response was already verified [5] .
The accuracy of the SEPIC large signal Dynamic response was tasted by a load step (Fig. 7) . Both the coupled and uncoupled cases seem to have a very similar dynamic behavior. As can be seen, the proposed average model follows very well the running average of the cycle-by-cycle simulations. Notice the larger ripple in the uncoupled case. It might be due to the resonance's effect which seem to be stronger and at lower frequencies, in the uncoupled SEPIC, as indicated by the frequency response (Fig. 6) . The CPU time of the average model time domain simulation was 285 times faster than the cycle-by-cycle simulation. A complete 'Schematic' [6] diagram of the experimental SEPIC converter is shown in Fig. 8 . 
IV. CONCLUSIONS
The behavioral average model presented here seems to be an excellent tool for the analysis and design of SEPIC converters. The model is compatible with any modem circuit simulator and can be used to run DC, AC and transient analysis. In AC analysis the task of linearization is left for the simulator. The SEPIC with asymmetrical coupling as suggested by Dixon [I] , is also supported by the proposed model. An extension to the Average Current Mode control [7] can be implemented by adding a 'Duty Cycle Generator' in a similar way to the Peak Current Mode control [5] .
